Polychlorinated biphenyls (PCBs) cause serious environmental pollution, and PCB degradation by microorganisms is regarded as an effective tool for environmental cleanup. Rhodococcus sp. RHA1, which can grow on biphenyl as the sole source of carbon and energy, is a strong PCB degrader and is able to degrade mono-to octachlorobiphenyls by cometabolism with biphenyl. 1) Detailed studies of the genes responsible for biphenyl/PCB degradation in RHA1 have suggested that multiple isozyme genes are involved in each degradation step. [2] [3] [4] [5] [6] [7] The initial step of the biphenyl/PCB degradation is hydroxylation of an aromatic-ring by biphenyl 2,3-dioxygenase (BDO), which belongs to the family of aromatic-ring-hydroxylating dioxygenases (RHDOs). The 3-phenylcyclohexa-3,5-diene-1,2-diol (dihydrodiol compound) generated in the first step is transformed to benzoate and 2-hydroxypenta-2,4-dienoate via 2,3-dihydroxybiphenyl, and these intermediate compounds are further degraded. The BDOs in RHA1 belong to RHDOs of class IIB, which is composed of a terminal oxygenase component and electron transfer components. 8) The terminal oxygenase component consists of large and small subunits, and ferredoxin reductase and ferredoxin containing a Rieske-type [2Fe-2S] cluster constitute the electron transfer components (Fig. 1A) . The large subunit of the terminal oxygenase component contains one Rieske-type [2Fe-2S] cluster and one mononuclear iron, and catalyzes hydroxylation of aromatic compounds. Electrons are transferred from NADH to the [2Fe-2S] cluster in the large subunit of a terminal oxygenase component via FAD of a ferredoxin reductase component and [2Fe-2S] cluster of a ferredoxin component. The bphA1A2A3A4, etbA1A2, ebdA1A2A3, and etbA4 gene clusters have been isolated as BDO genes in RHA1 (Fig. 1B) . 4, 7, 9, 10) bphA1 and bphA2 encode large and small subunits respectively of the terminal oxygenase component of BphA dioxygenase. bphA3 and bphA4 code ferredoxin and ferredoxin reductase components respectively. The three-dimensional structure of the terminal oxygenase component of y To whom correspondence should be addressed. Fax: +81-258-47-9450; E-mail: masao@vos.nagaokaut.ac.jp Abbreviations: BDO, biphenyl 2,3-dioxygenase; 4-CB, 4-chlorobiphenyl; DBF, dibenzouran; GC-MS, gas chromatography-mass spectrometry; LB, Luria-Bertani medium; P bphA1 , bphA1 promoter region; PCB, polychlorinated biphenyl; RHDOs, aromatic-ring-hydroxylating dioxygenases; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; TMS, trimethylsilylated BphA dioxygenase from RHA1 has been determined. 11) The deduced amino acid sequences of etbA1 and ebdA1 were identical, and exhibited 39.2% identity with that of bphA1. Those of etbA2 and ebdA2 were also identical, and showed 35.7% identity with that of bphA2. The etbA1 and ebdA1 genes and the etbA2 and ebdA2 genes were estimated to code the large and small subunits respectively of the terminal oxygenase component of EtbA/EbdA dioxygenase. The deduced amino acid sequences of ebdA3 and etbA4 exhibited 31.9% and 34.2% identity with those of bphA3 and bphA4 respectively, and the ebdA3 and etbA4 were estimated to code a ferredoxin and a ferredoxin reductase respectively. Five biphenyl/PCB degradative gene clusters, including BDO genes, are under the control of the BphST twocomponent regulatory system, 12) and their transcriptions are inducibly activated in the presence of aromatic compounds such as biphenyl, ethylbenzene, benzene, toluene, xylene, and chlorobenzene. 13) RHA1 has three linear plasmids, pRHL1(1100-kb), pRHL2(450-kb), and pRHL3(300-kb). The bphA1A2A3A4 gene cluster is located on pRHL1, and etbA1A2, ebdA1A2A3, and etbA4 are located on pRHL2 (Fig. 1B) . 3, 10) The etbA4 and ebdA1A2A3 genes are located 6 kb upstream and 6 kb downstream respectively from etbA1A2. Insertional gene inactivation analysis in our previous study suggested that all of the gene clusters containing bphA1A2A3A4, etbA4, etbA1A2, and ebdA1A2A3 are involved in biphenyl/PCB degradation. 14) In this study, we expressed these genes in a heterologous host strain, R. erythropolis IAM1399, to determine the respective substrate preferences of BphA and EtbA/EbdA dioxygenases and to address the compatibility of their electron transfer components. The results obtained enabled us to evaluate the functional involvement of each dioxygenase component.
Materials and Methods
Bacterial strains, plasmids, culture conditions, and medium. The bacterial strains and plasmids used in this study are listed in Table 1 . Rhodococcus erythropolis IAM1399 was grown in Luria-Bertani medium (LB) at 30 C. Escherichia coli JM109 was used as a host strain, and was grown in LB at 37 C. The composition of W minimal medium was described in a previous study. 1) Vector plasmids pFAJ2574, 15) pK4, 16) and pK4tsr 14) were used as sources for plasmid construction.
DNA manipulations and analysis. All of the DNA techniques used, including plasmid isolation, electrotransformation (electroporation), and computer analysis have been described previously.
4)
Induction of gene expression in R. erythropolis IAM1399. The transformants were grown in LB containing kanamycin (50 mg/liter) and chloramphenicol (25 mg/liter) at 30 C to give an OD 600 of 1.0, and then the RHDO genes were induced by incubation with vapor of ethylbenzene for another 8 h.
Detection of gene products. Cells were collected by centrifugation, washed twice with 2 ml of W minimal medium, and disrupted by sonication. The supernatant after centrifugation at 15;000 Â g for 10 min at 4 C was used as the cell extract. The protein concentration was determined using a protein assay kit (Bio-Rad Laboratories, Richmond, CA) according to the method of Bradford.
17) The cell extract containing 40 mg protein was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 12% or 15% polyacrylamide gels. 3, 18) Gels were stained with Coomassie brilliant blue R250 (Fluka Chemie, Buchs, Switzerland).
Resting cell assay with chlorobiphenyls. Cells were collected by centrifugation, washed twice with 2 ml of W minimal medium, and resuspended in W minimal medium to give an OD 600 of 1.0. One milliliter of cell suspension was preincubated in a sealed 4. congeners, the suspension was incubated with shaking at 30 C for 60 min with 4-CB or for 24 h with PCB congeners. Control cells were inactivated with an autoclave at 121 C for 15 min prior to preincubation. After the reaction, 0.1 ml of 6 N HCl was added to stop the reaction. Then 50 nmol of phenanthrene and 5 nmol of 4-chlorobiphenyl were added to the reaction mixtures of the 4-CB and PCB congeners respectively as an internal standard for extraction. After the addition of NaCl to saturation, 3 ml of ethylacetate was added to the mixture, which was then mixed on a vortex mixer for 1 min. The supernatant was recovered, dehydrated with sodium sulfate, evaporated, and dissolved in 0.1 ml of ethylacetate. One microliter of extract was analyzed by gas chromatography-mass spectrometry (GC-MS) using a model 5971A (Agilent Technologies, Palo Alto, CA) and an Ultra-2 capillary column (50 m by 0.2 mm; Agilent Technologies), as described previously. Identification of reaction products from a variety of aromatics. Cell suspensions were incubated at 30 C for 60 min with 4-CB, biphenyl, naphthalene, phenanthrene, dibenzofuran, and dibenzo-p-dioxin, and for 6 h with benzene, toluene, and ethylbenzene. After the reaction, 0.0035 ml of 6 N HCl was added to terminate the reaction, and 50 nmol of anthracene was added as an internal standard for extraction. After the addition of NaCl to saturation, 3 ml of ethylacetate was added to the mixture, which was then mixed on a vortex mixer for 1 min. The supernatant was recovered, dehydrated with sodium sulfate, evaporated, and dissolved in the trimethylsilyl reagent TMSI-H (GL Sciences, Tokyo). The trimethylsilylated (TMS) derivatives of the reaction product were analyzed by GC-MS as described above for the resting cell assay. TMS derivatives were identified by comparison with the authentic preparations and published data.
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Results and Discussion
Expression of EtbA/EbdA dioxygenase in Rhodococcus erythropolis IAM1399
Rhodococcus erythropolis IAM1399 was employed as a host strain to express EtbA/EbdA dioxygenase, since, in our previous examination of PCB degradation activity, 6) we succeeded in expressing BphA dioxygenase in this strain. To achieve a high level expression of EtbA/EbdA dioxygenase, we constructed an inducible expression system using a BphST two-component regulatory system that is involved in the biphenyl/ PCB degradation of RHA1. 12) This system is composed of a plasmid pFST1 containing bphS and bphT and an expression vector, pKPA1, carrying a bphA1 promoter region (P bphA1 ), whose transcription was controlled by BphST. A gene inserted in the adjacent region downstream from P bphA1 of pKPA1 was expected to be transcribed inducibly in the presence of biphenyl or ethylbenzene.
We constructed a plasmid, pKPEB4-2, containing the entire gene set of EtbA/EbdA dioxygenase, ebdA1A2A3 and etbA4. etbA4 was used as a ferredoxin reductase gene, because no ferredoxin reductase gene exists near ebdA1A2A3. pKPEB4-2 was introduced into R. erythropolis IAM1399 (pFST1) by electroporation. A vector plasmid, pKPA1, pKPEB12, carrying ebdA1A2, and pKPEB13, carrying ebdA1A2A3, were also introduced into R. erythropolis IAM1399 (pFST1) as controls.
The dioxygenase activity of each transformant toward 4-chlorobiphenyl (4-CB) was investigated by gas chromatography-mass spectrometry (GC-MS). R. erythropolis IAM1399 (pFST1, pKPEB4-2) expressing EtbA/ EbdA dioxygenase, exhibited apparent 4-CB transformation activity ( Fig. 2A) , and a product with m=z ¼ 204 was detected (data not shown). This product was estimated to be 2-(4-chlorophenyl)phenol, based on the molecular weight and the mass fragmentation pattern. It appeared to be a dehydration product of 3-(4-chlorophenyl)-cyclohexa-3,5-diene-1,2-diol. R. erythropolis IAM1399 carrying pFST1 and a vector plasmid pKPA1 showed no 4-CB transformation activity. R. erythropolis IAM1399 (pFST1, pKPEB13) expressing ebdA1A2A3 exhibited weak 4-CB transformation activity ( Fig. 2A) , and 2-(4-chlorophenyl)phenol was detected (data not shown). These results suggest both the involvement of etbA4 in EtbA/EbdA dioxygenase activity and the existence of weak substitutive reductase activity for EtbA4 in R. erythropolis IAM1399. Similar results have been reported for dibenzofuran dioxygenase from Terrabacter sp. YK3 24) and for tetralin dioxygenase from Sphingomonas macrogolitabida TFA. 25) R. erythropolis IAM1399 expressing ebdA1A2 showed no 4-CB transformation activity ( Fig. 2A) . Perhaps the expression of ebdA3 in R. erythropolis IAM1399 was sufficient for the dioxygenase activity. These results indicate that ebdA1A2A3etbA4-encoding EtbA/EbdA dioxygenase is functional in R. erythropolis IAM1399, and support the involvement of EtbA/EbdA dioxygenase in biphenyl/ PCB degradation in RHA1.
An equivalent plasmid system was used to examine the activity of bphA1A2A3A4-encoding BphA dioxygenase in R. erythropolis IAM1399. Plasmid pK4TBA214 carrying bphA1A2A3A4, plasmid pK4TBA13 carrying The remaining amount of 4-chlorobiphenyl was determined by gas chromatography-mass spectrometry. Each value is the mean of triplicate independent experiments, with the standard deviation indicated by error bars. Symbols are explained to the right of the panels, and the corresponding BDO genes in plasmids are indicated in square brackets.
bphA1A2A3, or a vector plasmid pK4tsr was introduced into R. erythropolis IAM1399 (pFST1) by electroporation. Because the bphA1A2A3A4 insert contains its own bphA1 promoter, we used pK4tsr as a vector plasmid instead of pKPA1. The transformation activity of each transformant toward 4-CB was investigated by GC-MS. R. erythropolis IAM1399 (pFST1, pK4TBA214) expressing bphA1A2A3A4 exhibited strong 4-CB transformation activity (Fig. 2B) , and 2-(4-chlorophenyl)-phenol was detected (data not shown). R. erythropolis IAM1399 carrying pFST1 and a vector plasmid pK4tsr did not transform 4-CB, and 2-(4-chlorophenyl)phenol was not detected. R. erythropolis IAM1399 (pFST1, pK4TBA13) expressing bphA1A2A3 showed weak 4-CB transformation activity (Fig. 2B) , and 2-(4-chlorophenyl)phenol was detected (data not shown), suggesting both the involvement of bphA4 in BphA dioxygenase activity and the existence of weak substitutive reductase activity for BphA4 in R. erythropolis IAM1399.
Compatibility of a reductase component
Although the above results suggest that the etbA4 and bphA4 genes are functionally involved in EtbA/EbdA dioxygenase and BphA dioxygenase activities respectively, it remains unclear whether they are compatible. In order to examine their compatibility, plasmids pKPEB4 and pK4TBA14-2, carrying ebdA1A2A3bphA4 and bphA1A2A3etbA4 respectively, were constructed and introduced into R. erythropolis IAM1399 (pFST1) by electroporation. Protein bands which correspond to the deduced molecular weights of the ebdA1A2 and bphA1A2etbA4 products were detected in the cell-free extracts of pKPEB4 and pK4TBA14-2 transformants respectively by SDS-PAGE (data not shown). Those corresponding to the deduced molecular weights of the bphA3, ebdA3, and bphA4 products were not detected in the extracts of transformants. The dioxygenase activity toward 4-CB of each transformant was investigated by GC-MS. Both R. erythropolis IAM1399 (pFST1, pKPEB4) expressing ebdA1A2A3bphA4 and R. erythropolis IAM1399 (pFST1, pK4TBA14-2) expressing bphA1A2A3etbA4 exhibited 4-CB transformation activity ( Fig. 2A and B) , and 2-(4-chlorophenyl)phenol was detected as a metabolite (data not shown). These results suggest that each of the ferredoxin reductases, BphA4 and EtbA4, is able to transfer electrons to both the BphA3 and EbdA3 ferredoxins. Because bphA1A2A3A4, etbA1A2, ebdA1A2A3, and etbA4 were simultaneously induced in RHA1 in the presence of biphenyl, 13) each of the BphA and EtbA/EbdA dioxygenases appears to employ both BphA4 and EtbA4 as ferredoxin reductase components. The recombinants expressing ebdA1A-2A3etbA4 in pKPEB4-2 and bphA1A2A3etbA4 in pK4TBA14-2 exhibited higher activity than those expressing ebdA1A2A3bphA4 in pKPEB4 and bphA1A-2A3A4 in pK4TBA214. Thus etbA4 appears to confer higher activity than bphA4. According to the results of SDS-PAGE analysis mentioned above, EtbA4 was estimated to be more abundant than BphA4, and a difference in the amount of a gene product might have brought about the difference in activity.
Compatibility of a ferredoxin component
In order to investigate the compatibility of the ebdA3 and bphA3 ferredoxins, we constructed pKPBA34-2 and pKPEB34-2, carrying bphA1A2ebdA3etbA4 and ebdA1A2bphA3etbA4 respectively, which were introduced into R. erythropolis IAM1399 (pFST1) by electroporation. Protein bands which correspond to the deduced molecular weights of the bphA1A2etbA4 and ebdA1A2etbA4 products were detected in the cell-free extracts of the pKPBA34-2 and pKPEB34-2 transformants respectively by SDS-PAGE (data not shown). Those corresponding to the deduced molecular weights of the bphA3 and ebdA3 products were not detected.
The dioxygenase activity of each transformant toward 4-CB was investigated by GC-MS. Neither transformant showed 4-CB transformation activity (Fig. 3) . These results suggest the possibility that neither bphA3 nor ebdA3 was expressed in the transformants. Subsequent experiments were performed to investigate the expression of bphA3 of pKPEB34-2 and ebdA3 of pKPBA34-2 in the respective transformants. The bphA1A2 and ebdA1A2 genes were individually inserted into pFST1 to construct pFSTBA12 and pFSTEB12 respectively. Plasmids pFSTBA12 and pFSTEB12 were introduced into R. erythropolis IAM1399 containing pKPEB34-2 and pKPBA34-2 respectively. Both R. erythropolis IAM1399 (pFSTEB12, pKPBA34-2) and R. erythropolis IAM1399 (pFSTBA12, pKPEB34-2) exhibited apparent transformation activity toward 4-CB (Fig. 3) , indicating that both bphA3 and ebdA3 are expressed in the respective transformants. These results suggest that the BphA3 and EbdA3 ferredoxins were not able to transfer electrons to the EbdA1A2 and BphA1A2 terminal oxygenase components respectively. It has The remaining amount of 4-chlorobiphenyl was determined by gas chromatography-mass spectrometry. Each value is the mean of triplicate independent experiments, with the standard deviation indicated by error bars. Symbols are explained to the right of the panels, and the corresponding BDO genes in plasmids are indicated in square brackets.
been reported that the ferredoxin reductase component of carbazole 1,9a-dioxygenase purified from Pseudomonas resinovorans CA10 can successfully be replaced with spinach ferredoxin reductase. 26) Thus the ferredoxin component of this kind of RHDO appears to have inferior compatibility with ferredoxin reductase components.
The 4-CB transformation activity of a bphA1A2-expressing recombinant is higher than that of an ebdA1A2-expressing recombinant (Figs. 2 and 3) , suggesting that 4-CB is a preferable substrate for BphA dioxygenase in comparison to EtbA/EbdA dioxygenase.
The recombinant expressing ebdA1A2A3etbA4 of pFSTEB12 plus pKPBA34-2 in Fig. 3 showed 4-CB transformation activity inferior to that of pKPEB4-2 in Fig. 2A . Similarly, the one expressing bphA1A2A3A4 of pFSTBA12 plus pKPEB34-2 in Fig. 3 showed activity inferior to that of pK4TBA214 in Fig. 2B . This might have been caused by the competition of electron transfer components, EbdA3EtbA4 or BphA3BphA4 between EbdA1A2 and BphA1A1 coexisting in a cell, or a lower gene dosage of ebdA1A2 in pFSTEB12 and of bphA1A2 in pFSTBA12. The vector plasmid, pFAJ2574, used to construct these plasmids has a lower copy number than pK4, used to construct pKPEB4-2 and pK4TBA214 (unpublished result).
Substrate preferences of BphA and EtbA/EbdA dioxygenases
The transformation of biphenyl, 4-CB, naphthalene, phenanthrene, dibenzofuran, dibenzo-p-dioxin, benzene, toluene, and ethylbenzene was investigated to examine the substrate preferences of BphA and EtbA/EbdA dioxygenases toward aromatic compounds. R. erythropolis IAM1399 (pFST1, pK4TBA214) and IAM1399 (pFST1, pKPEB4-2), expressing the BphA and EtbA/ EbdA dioxygenases respectively, were grown in LB, and then the dioxygenase genes were induced with ethylbenzene. The resulting cells were suspended in W minimal medium and incubated independently with 0.05 mM of each aromatic compound for 1 h. The remaining amount of each substrate in the ethylacetate extract was The transformation rate of 4-chlorobiphenyl at 10 min was defined to be 100. The relative activities of biphenyl and naphthalene were calculated using a doubled value at 5 min. The relative activities were not applicable to benzene, toluene, or ethylbenzene. They are indicated by NA. b Values were estimated from the peak areas in the total ion chromatogram, and were averaged for the three respective determinations. c The chemical structures of these compounds were estimated by their molecular weights and fragmentation patterns, and those of the other compounds were identified based on a comparison with the authentic preparations and published data (see ''Materials and Methods''). d ND, Not detected. measured periodically to estimate the transformation activity using GC-MS. Trimethylsilylated (TMS) derivatives prepared from the ethylacetate extract were subjected to GC-MS analysis to estimate the transformation products. BphA dioxygenase expressed in R. erythropolis IAM1399 cells exhibited the highest transformation activity toward biphenyl, twice as much as that toward 4-CB (Table 2) . Five transformation products were detected from 4-chlorobiphenyl. One of them was estimated to be 4-(4-chlorophenyl)cyclohexa-3,5-diene-1,2-diol (4 0 -chloro-3,4-dihydrodiol), because it has the same m=z value as 4 0 -chloro-2,3-dihydrodiol, but a different fragmentation pattern. The rest of them were identified as indicated in Table 2 . Among these products, several 4-chlorophenylphenols appeared to be formed spontaneously during the production of TMS derivatives from dihydrodiols. The values for relative yield suggest that the major product is 4 0 -chloro-2,3-dihydrodiol, as was indicated by the crystal structure of the substrate-complex form of the RHA1 BphA1A2 component. 11) 4 0 -chloro-3,4-dihydrodiol appears to be the minor product generated by hydroxylation of the C3 and C4 atoms of 4-chlorobiphenyl. 2,3-dihydroxy-4 0 -chlorobiphenyl is considered to be produced by dehydrogenase activity of the host strain, IAM1399.
BphA dioxygenase exhibited 1.5-fold greater activity toward naphthalene than toward 4-CB. BphA dioxygenase exhibited weak activity toward dibenzofuran and dibenzo-p-dioxin. The transformation products of dibenzofuran, indicated in Table 2 , suggest that BphA dioxygenase can attack both the lateral and the angular position of dibenzofuran. The transformation product of dibenzo-p-dioxin suggests that BphA dioxygenase preferentially attacks the angular position of dibenzo-pdioxin. It has been reported that biphenyl dioxygenases from Burkholderia xenovorans LB400 and Comamonas testosteroni B-356 dominantly catalyze the lateral attack The transformation rate of 4-chlorobiphenyl at 10 min was defined to be 100. The relative activities of biphenyl and naphthalene were calculated using a doubled value at 5 min. The relative activities were not applicable to benzene, toluene, or ethylbenzene. They are indicated by NA. b Values were estimated from the peak areas in the total ion chromatogram, and were averaged for the three respective determinations. c The chemical structures of these compounds were estimated by their molecular weights and fragmentation patterns, and those of the other compounds were identified based on a comparison with the authentic preparations and published data (see ''Materials and Methods'').
on dibenzo-p-dioxin, 21, 27) suggesting that the dominant attack on the angular position of dibenzo-p-dioxin is a unique feature of RHA1 BphA dioxygenase.
The EtbA/EbdA dioxygenase expressed in R. erythropolis IAM1399 cells exhibited the highest transformation activity toward naphthalene, 6-fold as much as toward 4-CB (Table 3) . It exhibited 1.5-fold greater activity toward biphenyl than toward 4-CB. This result appears reasonable, considering that RHA1 EtbA/EbdA dioxygenase is located between typical the biphenyl and naphthalene dioxygenase branches in the phylogenetic tree of aromatic ring-hydroxylating dioxygenases.
28) The transformation products of biphenyl, 4-CB, and naphthalene by EtbA/EbdA dioxygenase were mostly the same as those by BphA dioxygenase. EtbA/EbdA dioxygenase exhibited the lowest transformation activity toward phenanthrene. Dibenzofuran was weakly transformed to the products ( Table 3 ), indicating that EtbA/ EbdA dioxygenase catalyzes both lateral and angular attacks toward dibenzofuran, just as BphA dioxygenase does. In the lateral attack, EtbA/EbdA dioxygenase appeared to catalyze the 3,4-dihydroxylation in addition to the 2,3-dihydroxylation. EtbA/EbdA dioxygenase also weakly transformed dibenzo-p-dioxin to 2,3,2 0 -trihydroxydiphenyl ether, suggesting that EtbA/EbdA dioxygenase catalyzes the angular attack on dibenzo-pdioxin.
BphA dioxygenase showed higher activity toward 4-CB than EtbA/EbdA dioxygenase, as shown in Fig. 2 . Thus the results in Table 2 suggest that 4-CB, biphenyl, and naphthalene are more preferable substrates for BphA dioxygenase than phenanthrene or dibenzo-pdioxine. The crystal structure of the substrate-complex form of the BphA1A2 component of BphA dioxygenase suggests that the substrate-binding pocket of BphA1A2 is rather small and that the substrate binding induces significant conformational changes. 11) Biphenyl and naphthalene might be substrates of suitable size for the substrate-binding pocket of BphA1A2.
TMS derivatives of catechol, 3-methylcatechol, and 3-ethylcatechol were detected by GC-MS after incubation with benzene, toluene, and ethylbenzene respectively with R. erythropolis IAM1399 expressing each of the BphA and EtbA/EbdA dioxygenases, indicating that both dioxygenases oxidized these monocyclic aromatic compounds. These products appear to have been converted to catechols from dihydrodiol compounds by a host dehydrogenase. In addition to 3-ethylcatechol, TMS derivatives of 2-and 3-ethylphenol were detected after incubation with ethylbenzene. It appears that ethylphenols were formed by spontaneous dehydration of the 2,3-dihydrodiol compound. In the case of EtbA/EbdA dioxygenase, TMS derivatives of 4-methylcatechol and 4-ethylphenol were detected after incubation with toluene and ethylbenzene respectively. These products are estimated to be formed from 3,4-dihydrodiol compounds, suggesting that EtbA/EbdA dioxygenase is able to attack the 3,4 position. A 3,4 attack on toluene and ethylbenzene has been reported on AkbA1aA2a of Rhodococcus sp. DK17. 29) Transformation of PCB congeners by BphA and EtbA/EbdA dioxygenases The transformation of PCB congeners was examined to compare the substrate preferences of the BphA and EtbA/EbdA dioxygenases toward PCB congeners. R. erythropolis IAM1399 (pFST1, pK4TBA214), carrying bphA1A2A3A4, and R. erythropolis IAM1399 (pFST1, pK4TBA14-2), carrying bphA1A2A3etbA4, were employed to examine the transformation activity of BphA dioxygenase. R. erythropolis IAM1399 (pFST1, pKPEB4), carrying ebdA1A2A3bphA4, and R. erythropolis IAM1399 (pFST1, pKPEB4-2), carrying ebdA1A2A3etbA4, were employed to examine the transformation activity of EtbA/EbdA dioxygenase. 0 ,4 0 -chlorobiphenyls among congeners of solution B. These results are largely equivalent to those obtained previously using a RHA1 mutant with an insertion mutation in bphA1 expressing EtbA/EbdA dioxygenase and a RHA1 mutant with double insertion mutations in etbA1 and ebdA1 expressing BphA dioxygenase, 14) and indicated that the BphA and EtbA/EbdA dioxygenases possess different substrate preferences for PCB congeners. The wide substrate spectrum on PCB congeners of EtbA/EbdA dioxygenase suggests that EtbA/EbdA dioxygenase plays a more important role in the degradation of highly chlorinated biphenyls by RHA1 than does BphA dioxygenase.
